Forest ecosystems in central Europe are predicted to face an increasing frequency and severity of summer droughts because of global climate change. European beech and Norway spruce often coexist in these forests with mostly positive effects on their growth. However, their different below-ground responses to drought may lead to differences in ectomycorrhizal (ECM) fungal community composition and functions which we examined at the individual root and ecosystem levels. We installed retractable roofs over plots in Kranzberg Forest (11°39 0 42″E, 48°25 0 12″N; 490 m a.s.l.) to impose repeated summer drought conditions and assigned zones within each plot where trees neighboured the same or different species to study mixed species effects. We found that ECM fungal community composition changed and the numbers of vital mycorrhizae decreased for both tree species over 3 drought years (2014)(2015)(2016), with the ECM fungal community diversity of beech exhibiting a faster and of spruce a stronger decline. Mixed stands had a positive effect on the ECM fungal community diversity of both tree species after the third drought year.
| INTRODUCTION
European beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.) KARST.) have a wide ecological range and are among the dominant tree species in mesic temperate forest ecosystems across Europe (Ellenberg, 1988; Fang & Lechowicz, 2006) . Together with close relatives, these ectomycorrhizal (ECM) tree species are major components of ecosystems throughout the Holarctic realm (Fang & Lechowicz, 2006; Lockwood et al., 2013) . However, both species are at risk from the increased frequency and intensity of droughts that are predicted by future climate change scenarios (Geßler et al., 2007; Spiecker, 1995; Young et al., 2017) , with spruce being particularly vulnerable because of its shallow roots system and its low drought tolerance (Boden, Kahle, von Wilpert, & Spiecker, 2014) .
Both species form monospecific and mixed forest stands, with spruce mostly exhibiting increased overall productivity when growing in mixture (Pretzsch et al., 2014) . These positive mixed stand effects have been attributed to improved soil properties and increased overall biodiversity by beech (Ammer, Bickel, & K€ olling, 2008) . In addition, below-ground resource partitioning is likely to contribute to the positive effects of mixture as beech shifts its fine roots from upper to lower soil depths when growing alongside spruce because of competition (Bolte & Villanueva, 2006; Goisser et al., 2016) . Under severe summer drought conditions, spruce can adapt by decreasing its fine-root growth (Puhe, 2003) while maintaining its standing fineroot biomass (Nikolova, Andersen, Blaschke, Matyssek, & H€ aberle, 2010) , whereas beech exhibited slightly increased fine-root growth during the severe summer drought of 2003 (Nikolova et al., 2010) . Thus, water limitation evokes different below-ground responses in these species (Schume, Jost, & Hager, 2004) , with spruce decreasing water consumption and growth in the early stages of drought (Dobson, Taylor, & Freer-Smith, 1990; Maier-Maercker, 1998 ) and beech continuing to grow (Burkhardt & Pariyar, 2016) . The distinct physiological responses of these tree species to drought suggest that their ectomycorrhizae will be exposed to different conditions under the same drought scenario.
From the thousands of ECM fungal species potentially forming ectomycorrhizae (Tedersoo et al., 2014) , at the plot level, fine roots of spruce and beech have been found to form ectomycorrhizae with an estimated 60 species of Basidiomycota and Ascomycota (Pena et al., 2010; Taylor, Martin, & Read, 2000) . ECM fungi form a hyphal mantle around the primary roots and hyphal networks outside the roots (extramatrical mycelia), which constitute functional extensions of the plant roots . The ability of ECM fungi to exploit the nutrients and water contained in the surrounding soil gives them the potential to improve the nutritional status of trees associated with ECM fungi and to contribute to tree water uptake from the soil, attenuating drought stress in those trees (Allen, 2007; Lehto & Zwiazek, 2011) . ECM fungi mediate plant nutrient uptake either directly in solubilized form or following enzymatic mobilization from organic debris (Abuzinadah, Finlay, & Read, 1986; Pritsch & Garbaye, 2011) . Extracellular enzyme activities (EAs) of ectomycorrhizae are considered functional traits that are indicative of changing conditions in plant-soil ecosystems (Koide, Fernandez, & Malcolm, 2014) . Although nutrient turnover processes are generally decreased in dry soils (Sardans & Peñuelas, 2005) , ECM fungi can overcome a local soil water deficit by transporting water through their mycelia and particularly through their rhizomorphs (Brownlee, Duddridge, Malibari, & Read, 1983; Duddridge, Malibari, & Read, 1980; Lilleskov, Bruns, Dawson, & Camacho, 2009) , thereby retaining or even increasing the potential for nutrient mobilization.
Besides, a local soil water deficit can be attenuated by hydraulic lift (Caldwell, Dawson, & Richards, 1998) : At night, water moves passively through roots of deep rooting trees such as Fagus sylvatica from deep soil layers (higher water potential) to shallow soil layers (lower water potential) where nutrients and fine roots are abundant.
On the basis of the organization of their extramatrical mycelia, ECM fungi can be categorized as contact, short-distance, medium-distance or long-distance exploration types (Agerer, 2001) . ECM fungi of the long-distance and medium-distance exploration types form rhizomorphs, increasing water transport to the roots (Cairney, 1992; Duddridge et al., 1980) . Bakker, Augusto, and Achat (2006) found that moist forest sites contained more contact types, while dry forest sites contained more short-distance and long-distance types, indicating an increase in functionality of ECM fine-root systems with respect to water transport. However, clear evidence for exploration type preferences to local soil moisture conditions is still lacking as the locations examined by Bakker et al. (2006) also differed in tree species, soil type and nutrient status (Lehto & Zwiazek, 2011) .
Ectomycorrhizal fungi are exposed to periodic soil drought even in regions with normally adequate amounts of precipitation. Drought tolerance differs among ECM fungal species (reviewed in Lehto & Zwiazek, 2011) and probably also among populations of a species (Lamhamedi, Bernier, & Andr e-Fortin, 1992) , resulting in diverse changes in ECM fungal community composition under drought (Cavender-Bares, Izzo, Robinson, & Lovelock, 2009; di Pietro, Churin, & Garbaye, 2007; Richard et al., 2011; Swaty, Deckert, Whitham, & Gehring, 2004) . To determine whether altered ECM fungal community composition is critical to ecosystem functioning or is indicative of a plastic functional system with high adaptive potential, it is important to also consider the functional traits of these communities, such as the capacity to transport water through rhizomorphs or the activity of their extracellular enzymes (Dahlberg, 2001; Kipfer, Wohlgemuth, van der Heijden, Ghazoul, & Egli, 2012) . ECM fungal community composition ultimately determines the functionality of a fine-root system through the different properties of the ECM fungal species involved (Cairney, 1999; Godbold & Berntson, 1997; Shi, Guttenberger, Kottke, & Hampp, 2002) and so alterations in community composition are likely to alter the function of the fine-root system. If such alterations are driven by a certain stress factor, they may affect functionality in the direction of stress resistance or resilience.
In the present study, we examined the responses of the ECM fungal communities of beech and spruce under repeated summer drought as part of the Kranzberg Roof Experiment (KROOF) project,
which is a throughfall exclusion experiment being carried out in a maturing (age 60-70 years) beech-spruce forest (see Pretzsch et al. [2014] for a detailed description of the experimental site).
We investigated how ECM fungal communities of beech and spruce reacted upon repeated summer drought in terms of ECM fungal diversity and community composition, the potential to transport water through ECM fungal rhizomorphs and the potential activity of extracellular enzymes of vital ectomycorrhizae. We addressed three hypotheses: H1, repeated years of throughfall exclusion influence ECM fungal community composition and functions more strongly in spruce than in beech; H2, repeated drought leads to changes in the functionality of the ECM fine-root system towards traits that are related to drought resistance, irrespective of the tree species; and H3, the negative effects of drought on ECM fungal communities of beech and spruce are attenuated in mixed stands compared with monospecific stands.
| MATERIALS AND METHODS

| Site description and climatic conditions
This study was conducted in Kranzberg Forest, which is a mixed mature forest situated in southern Germany (11°39 F I G U R E 1 Mean temperature and precipitation at the experimental site in Kranzberg Forest from 1 year before the start of the experiment. The y-axes are scaled after Walter and Lieth (1960) so that precipitation < temperature indicates an arid month (e.g. July 2013 and 2015) and precipitation > temperature indicates a humid month. Precipitation: light, growing season; medium, dormant season; dark, fivefold compression of the precipitation axis. Arrows indicate sampling dates (8 October, 2013 , 6 October, 2014 , 12 October, 2015 and 2 November, 2015 , and 4 October, 2016 [Colour figure can be viewed at wileyonlinelibrary.com] e562 | and before continuously opening the roofs during winter in the years with throughfall exclusion (6 October, 2014 , 12 October, 2015 and 2 November, 2015 , and 4 October, 2016 . Soil cores of 4-cm diameter were taken to a depth of 25 cm (2013, 2014) or 40 cm (2015, 2016) after removing any loose superficial litter. In each plot, one soil core was obtained from each of beech and spruce zones, respectively, and two were obtained from the mixture zone. Each soil core was separated into an upper part "topsoil" (average thickness = 8.6 cm), which combined the O f + h A h horizons, and a lower part "deep layers" (>8.6 cm), which consisted of A l B v (KA5 classification; Eckelmann, Sponagel, & Grottenthaler, 2005) . Samples from the mixture zone were combined giving a total of six soil samples per plot. Each sample was collected in a plastic bag, cooled immediately in the field and stored for up to 4 weeks at 4°C until further processing. The root material within these samples was used to examine ECM fungal community structure with two different approaches (morphotyping and high-throughput sequencing), and to measure exoenzyme activities.
| Soil parameters
The volumetric soil water content was measured continuously using a time-domain reflectometer (TDR 100; Campbell Scientific, Logan, UT, USA). With vertical installation, the probe signal integrated the soil water content over a soil depth of 10-30 cm. Therefore, the uppermost probes were installed horizontally, integrating the signal over the top 0-7 cm of mineral topsoil. One TDR probe was installed at both depths within each of the three zones (beech, spruce and mixture; Figure 2 ) in each of the 12 plots (n total = 72).
The sensor signals of all probes were assessed weekly throughout the year.
| Fine-root parameters
Roots were manually separated from the soil, cleaned in tap water and sorted under a stereomicroscope into beech and spruce roots.
Samples were named according to tree species and zone, giving four sample types: spruce roots from spruce zones (SS), spruce roots from mixture zones (SMix), beech roots from beech zones (BB) and beech roots from mixture zones (BMix). Depending on the amount and vitality of fine roots in a respective soil sample, either the entire sample (when few roots were present) or a subsample (in case many roots were present) was used for morphotype assessments and EA as detailed below. Subsampling was used to assure processing of one sample within 1 hr thus assuring comparability between different samples. Subsamples were generated by cutting all fine roots (<1-mm diameter for beech; <2-mm diameter for spruce) of one sample into pieces of 2-cm length and by randomly picking a representative subsample (50%, 33% or 25% of the total sample). In all, 21 ECM tips per sample, respectively, subsample were used up for enzyme activity assays and morphotype identification by Sanger sequencing. All remaining fine roots of each sample were stored below À20°C and subsequently used for DNA extraction and highthroughput sequencing.
| Ectomycorrhizal morphotype diversity and abundance
Vital mycorrhizal tips were assigned to morphotypes according to the colour and surface properties of the mycorrhizal mantle, and were categorized into exploration types according to Agerer (2001) .
The number of each morphotype was counted and used to calculate morphotype abundance per unit volume of soil. The ECM tips collected for enzyme activity measurements were frozen at À20°C after finishing the assays for later identification according to their internal transcribed spacer (ITS) ribosomal DNA (rDNA) sequence using polymerase chain reaction (PCR) and Sanger sequencing (see Method S1), resulting in several sequences per morphotype and year. These sequences were checked and assembled with CodonCode Aligner (CodonCode, Centerville, MA, USA) and contigs were submitted to BLAST searches against the UNITE database (Kõljalg et al., 2013) and the International Nucleotide Sequence Database (INSD). We only used the first entry of blast results and defined the following criteria to assign OTUs to species records: (i) sequence similarity ≥95% and (ii) a BLAST e-value < 2 9 10
À31
. If more than 50% the sequences of one morphotype yielded different species, but same genus, we used the genus information and if more than 50% of the sequences of one morphotype yielded different genera, we kept our internal morphotype numbering (e.g.,
MT_18).
To distinguish between ECM fungal ability of potential water transport over several cm distance, we assigned the ECM tips to the following three exploration type groups that indicate soil exploration by extramatrical mycelia: (i) contact types (soil exploration radius 0 mm, no emanating hyphae), (ii) short-distance (soil exploration radius up to 5 mm, some emanating hyphae) and medium-distance types (soil exploration radius up to 3 cm; fringe types: fans of emanating hyphae, mat types: undifferentiated rhizomorphs, smooth types: slightly differentiated rhizomorphs) and (iii) long-distance types (soil exploration radius up to several dm, mostly highly differentiated rhizomorphs).
F I G U R E 2 Schematic diagram of the sampling zones in the plots. Spruce, zone of spruce neighbouring spruce; mixture, interspecific contact zone between beech and spruce; beech, zone of beech neighbouring beech; modified from Goisser et al. (2016) NICKEL ET AL.
| e563 2.6 | Potential extracellular enzyme activities of ectomycorrhizae In all, 21 vital ECM tips were randomly selected from each sample, placed on wet filter paper and stored at 4°C overnight. The number of tips of each morphotype was chosen according to its relative abundance in the sample, but was not lower than three. This design allowed the direct calculation of a weighted mean of EAs in each sample:
where n is the number of ECM tips assayed per sample. This value was then further normalized to the number of ECM tips that occurred per unit volume of soil:
where n is the number of vital ECM tips in a particular sample, representing the total EA in the sample.
The entire assay followed the procedure of Pritsch et al. (2011) .
In brief, seven substrates bound to 4-methylumbelliferone ( Amplification of ITS2 rDNA was performed with PCR primer mixes optimized for maximum phylogenetic recovery (Tedersoo et al., 2014 ; Table S2 ). All primers carried the respective forward or reverse overhang adapter sequences for the Illumina Miseq workflow (protocol Part # 15044223; Illumina, San Diego, CA, USA).
Reactions consisted of 1 ll DNA (5 ng 
| Processing of high-throughput sequencing reads
Data were obtained as demultiplexed FASTQ files and processed using the fungal ITS analysis pipeline PIPITS v1.3.6 (Gweon et al., 2015) on Biolinux v8.0.6 (Field et al., 2006) . Sequence processing followed Gweon et al. (2015) : read pairs were joined with PEAR v0.9.10 (parameters: -q 30; Q33, p-value of assembly ≤.0001; Zhang, Kõljalg et al., 2013) . OTU and phylotype abundance tables were then produced, whereby
OTUs were defined as "clusters of reads with user-defined thresholds" and phylotypes were defined as "clusters of sequences binned into the same taxonomic assignments" (Gweon et al., 2015) . Phylotypes were used for all further analyses of high-throughput sequencing data because phylotypes better resemble data obtained by morphotyping of ECM fungi. Taxonomic assignments with a confidence threshold <0.85 were omitted. Finally, all phylotypes were given a status that reflected whether they were ECM-forming and their exploration type during a manual review guided by Agerer (2001) and Tedersoo and Smith (2013) .
| Statistical analyses
All values are presented as means AE standard errors unless otherwise indicated.
For the morphotyping data, diversity indices were calculated using the package BiodiversityR (Kindt, 2016) SMix; (III) BB vs. SS. As a measure of effect size, we calculated x² (Hays, 1963) . Detailed comparisons between subsets of the data were conducted in R using unpaired two-sample t tests where the data were normally distributed (Shapiro test) or Wilcoxon signed-rank tests. To test the correlation between the extracellular enzyme activities of the ECM tips and soil parameters and morphotype abundances, Spearman's rank correlation coefficients were computed in R. The average contribution of each species to the average overall Bray-Curtis dissimilarity was assessed by calculating the similarity percentage (Clarke, 1993) in BiodiversityR. Differences in variation between study years and treatment were tested with mixed effect models that considered plots as a random factor, using the R package nlme (Pinheiro, Bates, DebRoy, & Sarkar, 2014) .
Prior to further analysis of the high-throughput sequencing phylotype data, five samples with low sequencing depth (<17,000 sequences per sample) were removed from the dataset, as well as rare non-fungal or unassignable phylotypes as determined during the taxonomic assignment step. The sequence reads were then randomly rarefied 10 4 times using GUniFrac for R (Chen, 2012) and the results were averaged to compare all samples at equivalent sequencing depths (Weiss et al., 2015) . Bray-Curtis dissimilarities between the samples (ECM fungal community variation) and Shannon diversity indices (ECM phylotypes only) were calculated using the vegan package (Oksanen et al., 2017) . Taxonomic overviews and ordinations were produced with the phyloseq package (McMurdie & Holmes, 2013) , and multivariate testing for the effect of environmental characteristics on the ECM fungal community was conducted using
Bray-Curtis dissimilarity matrices with Adonis (permutational multivariate ANOVA using distance matrices; 10 5 permutations) in vegan.
Statistical analyses that mirrored those for the morphotyping data were performed as described above.
3 | RESULTS
| Soil moisture
Throughfall exclusion decreased the volumetric soil water content during the vegetation period in the topsoil (0-7-cm depth), from ca. 
| ECM fungal community composition
In total, 45,181 vital ECM tips were counted and categorized into 43 morphotypes, from which 25 species were identified by their ITS rDNA. Three morphotypes did not yield evaluable sequences. On average, four ECM morphotypes were found per sample (minimum = 1, maximum = 11; see Table S3 for ECM morphotype abundances and distributions).
High-throughput sequencing yielded 18 9 10 6 quality-filtered reads, which were assigned to 4,820 OTUs and 1,411 phylotypes. In all, 11 samples were removed (five because of a low sequencing depth and six because of a low number of roots), leaving 373 samples for further analysis. The median abundance of fungal reads was 42,937 sequences per sample (minimum = 17,280, maximum = 103,220). In total, 144 phylotypes were identified as ECM fungi during manual inspection of all phylotypes following normalization to an equal sequencing depth. On average, 11 ECM phylotypes were found per sample (Table S4) .
In 2013 (i.e. 1 year before throughfall exclusion), there was no significant difference in the measures of ECM fungal community composition between the control and throughfall exclusion plots. On the basis of morphotypes, drought was a strong predictor for the abundance of the contact and short-and medium-distance exploration type groups. Repeated summer droughts led to a progressive (Fig. S5) . By contrast, long-distance types were not affected in the first 2 years of drought, significantly decreasing in abundance relative to control only after 3 years (decline by 88 AE 18% in 2016, p < .01). Soil depth was also a major predictor for the abundance of all three exploration type groups, with ca. 90% vital tips occurring in the topsoil. In throughfall exclusion plots, changes in abundance and the proportion of exploration types were stronger and occurred earlier in the topsoil (throughfall exclusion 9 soil depth interaction: p < .05 in all years except for long-distance types in 2014 and 2015). By contrast, on the basis of phylotype data, drought was a weak predictor for the abundance of exploration type groups, with only the abundance of short-distance and medium-distance types being decreased significantly in the final year (decline by 72 AE 25% compared to control in 2016, p < .01).
The morphotype and phylotype Shannon diversity indices were quite similar (Figure 4 ), but the phylotype diversity indices showed a smaller decline following repeated droughts. In the control plots, Shannon diversity indices were generally higher in the topsoil than in the deep layers (morphotype: 1.24 AE 0.04 vs. 0.92 AE 0.06, respectively, p < .05 in all years; phylotype: 1.39 AE 0.04 vs.
1.23 AE 0.05, respectively, p < .05 in 2014; Table 1 ). The effect of throughfall exclusion on ECM fungal diversity indices differed between beech and spruce, irrespective of the competitive situation. In the throughfall exclusion plots, the ECM fungal diversity indices remained unchanged in the first 2 years of drought for beech but declined from the second year of drought (2015) onwards for spruce. In 2016, there was a significant difference in the morphotype diversity indices between beech (control:
1.01 AE 0.08; throughfall exclusion: 0.80 AE 0.02) and spruce (control: 0.93 AE 0.21; throughfall exclusion: 0.27 AE 0.11) depending on the treatment (throughfall exclusion 9 BB vs. SS interaction:
p < .01), with a much stronger decline being observed in spruce.
Phylotype diversity indices responded less to drought, but also with *p < .05, **p < .01]. The effects of a species mixture on drought tolerance differed among the four most frequent ECM fungal species that were shared by both tree species. For example, the absolute morphotype abundances of Cenococcum geophilum and Russula ochroleuca were not affected by drought and not influenced by the competitive situation or tree species, whereas the morphotype abundances of Lactarius tabidus and Xerocomus pruinatus were negatively affected by drought but this was less pronounced when the tree species grew in mixed situation compared to BB samples (Fig. S6 ).
| Potential extracellular enzyme activities
Overall, the most pronounced effect of throughfall exclusion on EAs and differences between the qualitative measure EA per tip and the quantitative measure EA per vol was observed in the topsoil. (Table S7) . By contrast, the EA per tip of laccase (which releases nutrients bound to phenolic compounds) was significantly lower in throughfall exclusion plots than in control plots from 2014 onwards, and was also decreased in control plots compared to the other years in the naturally dry year 2015 The activity of this enzyme was increased (yet not significantly: p = .077) by treatment over the years.
ANOVA (Table S8) (Table S7) . Furthermore, significant interactions between throughfall exclusion, soil depth and mixture situation were found for cellobiohydrolase in 2015, and for cellobiohydrolase, b-glucosidase and laccase in 2016 (Table S8) , with the EA per tip of cellobiohydrolase and b-glucosidase being higher in control plots than in throughfall exclusion plots in the topsoil of the mixture zone. In 2016, the EA per tip for laccase in the topsoil increased in the beech and spruce zones but declined in the mixture zone, while that in the deep layers decreased in the beech and spruce zones and exhibited no significant change in the mixture zone in throughfall exclusion plots (Table S7 ). The interaction between throughfall exclusion and soil depth and species mixtures became significant only in the third year of throughfall exclusion, with (Table S8) .
In contrast to qualitative stability of EA per tip , EA per vol showed a progressive decline on throughfall exclusion plots over repeated drought years. Before the onset of treatment (2013), there were no significant differences in EA per vol between control and throughfall exclusion plots, but after three consecutive summer droughts, the EA per vol of both tree species significantly declined in the throughfall exclusion plots (Table S7) . Xylosidase, cellobiohydrolase, b-glucosidase, glucuronidase and phosphatase were significantly altered from 2015 onwards, while N-acetyl-glucosaminidase and leucine aminopeptidase significantly changed in 2016 (Table S8 ).
In the deep layers, EA per tip of beech was also very stable but tended to increase in spruce ECM fungi with progressing drought (Fig. S9a) . Soil depth significantly affected almost all EA per vol ( Fig. S9b ) in all years (Table S8 ) because on average there were 5-10 times fewer roots in the deeper layers than in the topsoil (Fig. S9c) . (Table S8 ). The zones within a plot tended to have a larger effect on enzyme activities at the beginning of the experiment, with this effect disappearing with repeated throughfall exclusion (Table S8) . Only phosphatase and laccase EA per vol showed a zone effect in 2016.
Overall, EA per vol declined more strongly in SMix samples compared to SS samples (Table S7 ).
The EAs of some ECM fungi became dominant under throughfall exclusion, that is, L. tabidus in both tree species, Russula fellea in beech and C. geophilum in spruce, mainly because other morphotypes disappeared. These species were also identified as making a high (>10%, SIMPER p < .05) contribution to the differences in ECM morphotype community between control and throughfall exclusion plots. et al., 2002) , a reduced ECM fungal diversity as in our study has rarely been detected (Swaty et al., 2004) . Shannon diversity of ECM fungal communities from the beech and spruce zones reflected the contrasting strategies of beech and spruce to cope with drought.
Beech exhibited a decline in ECM fungal diversity after the first year of drought and then maintained a slightly lower level than the control, which supports the previous finding that beech continues to produce new fine roots during drought (Burkhardt & Pariyar, 2016; Nikolova et al., 2010) allowing the surviving ECM fungi to colonize newly growing roots. By contrast, ECM fungal diversity did not exhibit a marked change in spruce following the first drought, but declined dramatically after the second drought year. After one severe summer drought, Nikolova et al. (2010) found that spruce sustained standing fine roots rather than growing new ones, supporting a strategy of decreased growth during drought conditions (Dobson et al., 1990; Maier-Maercker, 1998 with several functions in degradation, but also morphogenesis (Baldrian, 2006; Thurston, 1994) . Oxidase activities in soil are more dynamic than hydrolytic activities (Sinsabaugh et al., 2008) , corresponding to our observations. In ECM fungi, laccase is related to the release of nutrients (particularly N) enclosed in recalcitrant polymers or protein-phenol complexes (Baldrian, 2006) . Whether the strong decline in ectomycorrhizae with laccase enzyme activity causes lasting effects on nutrient relations in forest soil will depend on how long it takes for the full functional spectrum in ECM fungal communities to be restored following drought release, and on how other soil fungal groups are affected by drought. In ECM fungi, laccase is only present in some lineages (Luis et al., 2005) and by selecting dominant morphotypes in EA measurements, we likely excluded ECM fungal taxa that became relatively rare as a consequence of the decline in vital fine roots. The decline in vital fine roots leading
to a complete loss of formerly dominant ECM fungi with laccase activity again supports our first hypothesis of stronger drought effects on spruce ECM fungal community composition and functions.
4.2 | Does repeated drought lead to changes in the functionality of the ECM fine-root system towards traits that are related to drought resistance, irrespective of the tree species?
We observed a decrease in contact type ectomycorrhizae following drought, confirming the findings of Bakker et al. (2006) , who interpreted this as caused by shrinking soils and thus reduced contact with the substrate. In addition, the dominant contact types at our plots were Lactarius spp. with thin cell walls prone to loosing cellular integrity under dry conditions (di Pietro et al., 2007) which makes them sensitive to drought. The relative increase in long-distance type mycorrhizae in both tree species following drought suggests that they have higher drought resistance because of their ability to explore and transport water beyond the root surface (Cairney, 1992; Duddridge et al., 1980) . The direction of changes in exploration types as functional traits that is, increasing long-distance type and decreasing contact and short-distance type ectomycorrhizae was the same in both tree species, thus supporting our second hypothesis.
Relative stability of extracellular enzyme activities has often been observed in ECM fungal communities upon environmental disturbance (Diedhiou et al., 2010; Jones et al., 2010) , which underlines the importance of finding alterations in three enzymes in the present experiment in the third year of throughfall exclusion. One enzyme activity (leucine aminopeptidase) was strongly increased in ECM fungal communities of both tree species under drought (albeit in different mixture situations). Interestingly, a stimulation of this EA under a strong drought was also observed in C. geophilum ectomycorrhizae associated with different Quercus species (Herzog, Peter, Pritsch, Gunthardt-Goerg, & Egli, 2013) . In that study, EAs per tip of the other enzymes measured (the same six enzymes as in our study) showed neutral responses. Herzog et al. (2013) found that the decrease in abundance of C. geophilum was negatively correlated with leucine aminopeptidase activity and suggested that this EA had to be compensated for by an increased activity of the remaining vital tips of C. geophilum. Our results suggest a similar mechanism at the whole ECM fungal community level.
Drought increased the extracellular cellulolytic potential per vital tip irrespective of tree species. Extracellular cellulolytic activity may be stimulated by the presence of dead fine-root material, which accumulated during repeated drought events, to gain access to nutrients contained in these dead tissues (Hupperts, Karst, Pritsch, & Landh€ ausser, 2017; Lindahl & Tunlid, 2015; Pritsch & Garbaye, 2011) . Boone, 1998) . This supports the stress gradient hypothesis of increased facilitation among species with increasing stress levels (Bertness & Callaway, 1994) . To determine whether these emerging facilitation effects would continue, further sampling is required with increasing stress levels. Thus, our third hypothesis was only preliminarily supported by the morphotype data. A probable reason for the observed higher morphotype diversity in the mixture zones could be reduced competition for non-limiting resources due to different soil exploration of the two tree species (Bolte & Villanueva, 2006) .
Ectomycorrhizal fungi colonizing both tree species may contribute to resource partitioning between fungi and different trees, facilitating stress resistance (Beiler, Durall, Simard, Maxwell, & Kretzer, 2010) . Among those ECM fungi were a contact and a long-distance type species. The decline of these two abundant species upon drought was reduced in the mixture zones. This suggests that mixture provides vital ectomycorrhizae with different functional attributes as starting material for recolonizing newly grown roots during recovery after drought: in our study, this was indicated by drought-tolerance among the four most frequent morphotypes shared by beech and spruce. This indicates mixture to increase resilience of forest ecosystems after drought.
The hydrolytic EA per tip was maintained even after two consecutive summers with prolonged drought periods, with mixture effects only becoming apparent in the third year of throughfall exclusion.
This can probably be attributed to changes in niche occupation by roots of the two tree species, as indicated by the reduction in some enzyme activities (leucine aminopeptidase and phosphatase) in spruce from mixture but not in beech from mixture in the topsoil, and their increase in the deep layers. EA per vol did not exhibit any mixture effects. Thus, according to the assumption that 3 years of throughfall exclusion evoked strong stress on ECM fungal communities, we do not accept H3 according to enzyme activity data.
| Overall implications of repeated drought on below-ground functioning of forest ecosystems
Regarding nutrient cycling in forest soils under repeated drought, our results suggest that the potential to forage for nutrients contained in organic materials is retained in surviving ectomycorrhizae. Moreover, preferential carbon allocation of trees to ECM fine roots upon recovery from drought has recently been demonstrated to be an important mechanism for restoring fine-root functionality in forest ecosystems (Hagedorn et al., 2016) .
In soils, low moisture leads to low EAs in situ due to impaired diffusion processes and death/inactivity of decomposers, which in turn lead to a retardation of decay processes and thereby to an accumulation of substrate (Brando et al., 2008; van der Molen et al., 2011) . Upon rewetting, high amounts of substrate meet a functional ECM fungal community and stimulate the recovery of soil microbial processes (Hagedorn et al., 2016 ). An increasing amount of dead ectomycorrhizal fine roots may lead to a retardation of decay processes in forest soils and is currently debated to either increase or decrease carbon stocks in forest ecosystems (see Fernandez & Kennedy, 2016 for a review). However, low water availability is likely more growth limiting in these temperate systems than nutrient limitation (Sardans & Peñuelas, 2005) because spring and autumn still provide time and water for mineralizing organic compounds in temperate regions struck by summer drought. Thus, also phases of recovery from drought may be critical to assess when nutrient relations in forest ecosystems are considered after severe drought (Geß-ler, Schaub, & McDowell, 2017; Hagedorn et al., 2016) .
| Methodological implications
The different numbers and abundances of morphotypes and phylotypes in our study resulted from known methodological constraints of high-throughput sequencing, which overestimates diversity by including the DNA of non-vital ECM fungi, single hyphae and resting stages (Medinger et al., 2010) . By contrast, morphotyping is prone to underestimating species richness even when including ITS rDNA information as it cannot distinguish between visually similar ectomycorrhizae (Erland, Jonsson, Mahmood, & Finlay, 1999) . However, manual morphotyping allows direct observations of degree of mycorrhization and vitality of ectomycorrhizae and fine roots. Shannon diversity was remarkably similar for morphotypes and phylotypes, indicating that both methods provide similar basic ecological F I G U R E 6 Potential enzyme activities (EAs): (a) EA per tip (pmol cm À2 min
À1
) as weighted mean of EA per ectomycorrhizal (ECM) tip in an ECM community (see materials and methods Equation 1), (b) EA per vol (pmol cm À2 min À1 cm
À3
) taking into account the number of vital ECM tips per soil volume (see Section 2 Equation 2), and (c) number of vital ectomycorrhizae of spruce and beech in topsoil samples over four study years (2013-2016) . EA values of the respective same sample type in control and throughfall exclusion plots (Table S7) were log transformed and plotted against each other for each year separately to illustrate overall effects of throughfall exclusion. Linear regressions were calculated and plotted for these pairs per year with the colour code from darker in 2013 to lighter in 2016. The grey dashed line with a slope of 1 and an intercept of 0 was drawn to indicate when EAs under control is equal to EAs under throughfall exclusion. Deviation of the slope of regression lines from 1 with an intercept remaining close to 0 indicates similar relative degrees and directions of change in all EAs, whereas shift in the intercept indicates that EA values changed to different degrees and/or directions. Values of intercept and slope are given in the top left corner of each panel with asterisks indicating significant differences from a slope of 1 and an intercept of 0 (*p < .05, **p < .01, ***p < .001). For ease of visualization, the different enzymes were not specifically indicated in this representation, and EA values were plotted without standard error (for detailed values see Table S7 ). Symbols represent sample types (circles BB, squares BMix, triangles SS, diamonds SMix) resulting in four values per enzyme and a total of 28 values per year of seven hydrolytic enzymes (xylosidase, cellobiohydrolase, bglucosidase, chitinase, leucine aminopeptidase, phosphatase and glucuronidase). From the eight studied EAs, laccase was excluded as it showed a clearly different behaviour compared to the seven hydrolytic enzymes (Fig. S10) . Error bars in panel (c) indicate AE1 standard error [Colour figure can be viewed at wileyonlinelibrary.com] e572 | information on ECM fungal community composition. However, because vital and non-vital ECM tips were not distinguished, highthroughput sequencing results reveal a potential rather than actual community composition. Therefore, RNA-based approaches (Baldrian et al., 2012; van der Linde & Haller, 2013) should be used to assess the active ECM fungal community via high-throughput sequencing.
| Vulnerability of temperate forests under drought
In this study, we experimentally applied drought stress to a habitat that was not adapted to repeated summer droughts. The combined analysis of ECM fungal community diversity and functional traits suggested that correlations between enzyme activities and ECM fungal species varied depending on the interplay between throughfall exclusion, tree species interaction and soil depth. Such context dependency has also been reported in several previous studies on ECM fungal communities, as reviewed in Bahram, Peay, and Tedersoo (2015) . However, by subjecting this mesic forest ecosystem to repeated summer droughts, we were able to detect a strong reduction in enzymatic activities and ECM fungal abundances at the ecosystem level because of fine-root die-back under water shortage.
We showed that niche complementarity may be important in attenuating the effects of repeated summer droughts on ECM fungal communities in beech-spruce mixtures. One important mechanism of niche complementarity may be the redistribution of water to shallow soil layers by hydraulic lift.
Our findings underline the vulnerability of temperate forests and similar Holarctic ecosystems to prolonged and frequent summer droughts (Allen et al., 2010) . Therefore, we advocate long-term experiments when studying forest ecosystems in the context of drought and support the assertion that mesic forests are endangered by long-term drought (Young et al., 2017) . Such experiments would allow us to explore whether ECM fungal communities develop further mechanisms for drought tolerance depending on their habitat, how the same ECM fungal species from dry and moist sites perform under repeated droughts and how they influence host tree performance. This may guide future forest management in areas with predicted alterations in precipitation regimes.
